Forest resource inventories must include wood quality information to support the optimum use of wood fibre. The objective of this study was to develop models relating maximum live branch diameter (MBD), which affects lumber value, to tree and stand characteristics that can be measured through current and emerging remote sensing technologies. Using non-linear mixed effects models for six Canadian conifer species, as well as for three broad-leaved species, MBD was related to crown radius, tree height, crown length, stand basal area, and basal area of trees larger than the subject tree. Models that included only individual tree characteristics (crown radius, tree height, and crown length) did not perform as well as models that additionally included stand characteristics (stand basal area and basal area of larger trees). Models that took into account tree species performed better than models that did not; in particular, broadleaved species had much thicker branches than conifers. The best model did not show bias with respect to independent variables and had root mean square error of 0.32 cm. For the best model, prediction error was not related to silvicultural treatment. These model characteristics strongly support the potential to successfully predict MBD from remotely sensed data.
Introduction
There is growing recognition that forest sector competitiveness can be increased by capitalizing on the superior attributes of wood fibre (Barbour and Kellogg 1990) and by optimizing the use of wood fibre, ideally all along the value chain spanning forest to market (Mackenzie and Bruemmer 2009) . Such optimization requires information about wood quality as well as about timber volume. Forest resource inventories in many jurisdictions typically provide information about stand composition, age, height and site quality, but not about wood quality. Consequently, information about wood quality must be added to forest resource inventories to support value chain optimization.
Knots strongly affect the value of lumber through their influence on the strength and appearance of sawn wood. For example, an increase in maximum edge knot diameter from 1.9 cm to 3.2 cm lowers the grade of North American nominal 2ʺ × 4ʺ lumber by two classes from Select Structural to No. 2 (NLGA 2003 , Benjamin et al. 2007 . Since knots arise from tree branches, the size of knots is closely related to branch diameter. Estimates of maximum branch diameter (MBD) would provide a measure of the maximum knot size in the crown region of the stem, and an indication of maximum knot size below this region.
It is not feasible to directly measure MBD for inclusion in forest resource inventories, but a promising approach is to develop relationships between MBD and features such as tree height, crown radius and measures of competitive status. These features are often not available in forest inventories, but advances in remote sensing are making it feasible to successfully estimate individual tree features using automated approaches. In particular, LiDAR can be used to resolve features of individual tree crowns (Wulder et al. 2008) . Tree height can be estimated from LiDAR densities as low as 1 return per m 2 , but estimation of features such as crown diameter requires higher densities or combined analysis with digital imagery (Leckie et al. 2003 , Wulder et al. 2008 .
A number of models have been developed to estimate the MBD or branch basal area within whorls. Branch diameter increases with distance below the tree apex, although for all but trees in young stands, the greatest diameter typically occurs above the crown base (Mäkinen et al. 2003 , Garber and Maguire 2005 , Weiskittel et al. 2010 . Whorl level models also indicate that maximum branch diameter increases with tree characteristics representative of tree size and growing space, such as diameter at breast height (DBH) crown width, tree height, and tree spacing (Garber and Maguire 2005 , Hein et al. 2007 , Benjamin et al. 2009 , Weiskittel et al. 2010 .
Crown width or radius is a logical starting point in the development of models to estimate MBD from remotely sensed data. Not only is it becoming feasible to obtain measurements of crown radius through remote sensing techniques, but a strong allometric relationship exists between branch diameter and branch length or crown width (Cannell et al. 1988 , Garber and Maguire 2005 , Fernández and Norero 2006 . This relationship satisfies the structural requirements of a branch acting as a flexible beam attached to the tree stem (Bertram 1989, Castéra and Morlier 1991) .
Maximum branch diameter may be reduced in trees with lower social status or reduced competitive status. Decreasing maximum branch diameter has been observed with increasing tree slenderness coefficient (tree height/DBH) (Garber and Maguire 2005, Hein et al. 2007) , a variable that is reflective of tree social position. Garber and Maguire's (2005) branch diameter model also predicted lower branch diameter with decreasing relative tree height (tree height/height of tallest tree).
The objectives of this study are to: (i) develop models of maximum diameter of live branches using independent variables that characterize crown size, tree size, and competitive status and that also could be obtained through remote sensing; and (ii) determine whether silvicultural treatments affect MBD relationships. This study examines MBD relationships for six conifer and three broadleaved species, with data obtained mainly from silvicultural experiments across Canada. The variation in crown radius resulting from the silvicultural treatments provides an effective basis for developing models, which all incorporated this variable. Although the intended application for this work is to estimate MBD using remotely sensed data, ground-based field data were used in this study. Because measurement of individual crown characteristics by remote sensing is an emerging technology, remotely sensed crown data were not available for the study sites. Instead, ground-based measurements were used for model development. (Table 1) , which provided a wide range of crown characteristics, and allowed examination of silvicultural treatment effects on MBD relationships at two locations.
Materials and Methods

Study sites
Branch and tree measurement
The diameter of the largest living branches on trees was measured to the nearest 0.1 cm using diameter tapes or callipers. Larger trees were felled or climbed to access the branches, whereas it was possible to measure branches on shorter trees from the ground. The height of standing trees was measured by hypsometer, whereas the height of felled trees was measured by tape. The definition of crown base varied somewhat among data sources, but can be generalized as the height at which foliage becomes continuous. Height to crown base was measured by hypsometer or height pole on standing trees and by tape on felled trees. For some data sources, crown radius was measured in the four cardinal directions by sighting vertically to determine the crown edge and then measuring the distance to the centre of the stem. For other data sources, crown width was measured in the N-S and E-W directions using a handheld laser measurement device (LaserAce, Aberdeen, Scotland). For all data sources, the mean crown radius was calculated as one-half of the geometric average of N-S and E-W crown widths.
MBD models
Power functions were used to relate the mean diameter of the three largest branches per stem to crown radius, tree height and a variable used as a surrogate for competition. The three variables used as proxies for competition were crown length (eq. 1a), stand basal area (eq. 1b) and basal area of the stems larger than the tree of interest (Eq. 1c). Eq. 1a requires only individual-tree independent variables, whereas eq. 1b and eq. 1c additionally require stand-level independent variables. In eq. 1c, one unit was added to the competition index in order to include the largest trees of the stand (i.e., when BAL ijk = 0 m 2 /ha) in the analysis. o 4 -the Forestry ChroNiCle [1b]
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where b 1 to b 5 are estimated fixed effect parameters; ijk are indices that refer to the hierarchal level of the information, where i represents location, j the plot within location i and k the tree that is in plot j; MBD ijk is the mean branch diameter of the three largest branches (cm); R ijk is the mean crown radius (m); H ijk is the total stem height (m); L ijk is the crown length (m); BA ijk is the plot basal area (m 2 /ha); BAL ijk is the competition index, defined as the basal area of the stems larger than that of stem k (m 2 /ha).
For models 1a and 1b, random effects were included in the slope parameter (b 1 ) such that:
where ␤ 1 is a location random effect, with␤ 1~N (0, i 2 ). Plot random effects in the three models and the location random effect in eq. 1c were found to be non-significant. Moreover, heteroscedasticity was modeled using an exponential function for eq. 1b and eq. 1c (Pinheiro and Bates 2000):
where 2 res is the residual variance and ␥ is the estimated variance parameter.
For eq. 1a, no variance function was found to increase the quality of the fit:
The models were calibrated using the gnls (eq. 1c) or nlme (eq. 1a, eq. 1b) procedures in R (R Development Core Team 2008).
The effect of species on each parameter was also tested. This was done by setting a base value for balsam fir, and testing if the change between balsam fir and each species was significantly different than zero (eq. 5).:
where x is the subscript to indicate parameter number in eq. 1a to eq. 1c; b x,base is the base value of the parameter, i.e., the group to which each species parameter is compared, and b x,species is the change in parameter for a specific species.
The species were dropped from the model in the same way Littell et al. (1996) suggest for linear mixed effect models: the least significant species parameter was eliminated, by group- ing the dropped species into the base value category, and recalibrating the model. This was repeated until all of the parameters in the model were found to be significant (P < 0.05). Moreover, the variance was assumed to be different for each species, by estimating species-specific parameters of the variance function (eq. 6a and eq. 6b).
[6a] for eq. 1b and eq. 1c
[6b] for eq. 1a
where l is the subscript to identify species grouping level and ␥ l is the species-specific variance function parameter.
The question of whether patterns of model residuals were related to silvicultural treatment was examined with the Green River balsam fir data, which comprised three replications of four precommercial thinning treatments, and the Stringer black spruce data, which comprised two replications of seven initial spacing treatments. One-way ANOVA (Green River) and linear regression (Stringer) were used to test whether bias was related to silvicultural treatment.
Because usual approaches to model validation are of little actual benefit in evaluating models (Kozak and Kozak 2003, Yang et al. 2004) , the model fit to a split portion of the data set was not examined. Instead the entire data set was used for model fitting.
Results
In the models where species was not considered, mean diameter of the largest branches was proportional to crown radius (positive b 2 ), crown length (positive b 4 for eq. 1a) and stem height (positive b 3 ), and was inversely proportional to stand basal area (negative b 4 ) and basal area of the stems larger than that of the sample stem (negative b 5 ) (Table 2) . Moreover, the general quality of the fit (R 2 , RMSE) increased as stand and competition factors are included in the model. The Akaike information criterion (AIC) cannot be used to compare the different models since their estimation were not carried out with the same data. The AIC can, however, be used to compare the effect of including species-specific parameters within the model on the quality of the fit.
The models were greatly enhanced when species-specific parameters were used (Tables 2 and 4) . The most important changes were for models 1a and 1c, where the AIC was halved when species was included in both the variance and fixed effect parameters. For the models with stand basal area (eq. 1b), the AIC was also reduced, but to a lesser extent. Model 1c with species included showed no significant bias with respect to crown radius, stand basal area, basal area of larger trees, or DBH (Fig. 1) .
In the species-specific models, all of the species presented the same trends as those observed in the models that did not resolve species. The trends varied among species, however, with the broadleaf species (trembling aspen, yellow and white birch) presenting generally larger maximum branch diameters than the coniferous species (balsam fir, Douglas-fir, lodgepole pine, jack pine, white and black spruce) (Fig. 2) . The individual-tree-based model (eq. 1a) predicted that white birch and trembling aspen have similar-sized branches, whereas yellow birch will have the largest branches for a given set of dendrometric variables. Moreover, the prediction errors for the deciduous species were larger than those of the coniferous species, as can be seen by the values of ␥ l (Table 3) . Black spruce had the steepest increment with respect to crown radius of all the species (greatest b 2 values), although the range of crown radius in the fitting data was less for this species than other species (Table 1) . The individual-tree-based model (eq. 1a) predicted similarsized mean branch diameters for the other coniferous species (balsam fir, Douglas-fir, lodgepole pine, jack pine, and white spruce). Lastly, balsam fir, Douglas-fir and lodgepole pine were not discriminated by the model, with the three species having the same values for each parameter. The differences between these species occurred in the variance function parameter, where the error of the prediction increased from balsam fir (␥ l =1.0415) to Douglas-fir (␥ l =1.2869) to Lodgepole pine (␥ l =2.2799) (Table 3) . When crown length was substituted by stand basal area as a measure of competitive status in the model (eq. 1b), the differences between the different coniferous species was slightly more apparent (Fig. 3) . The model was not able to separate balsam fir and Douglas-fir (Table 3) . Moreover, the model predicted that the mean branch diameter of the three largest branches of jack pine and white spruce are very similar. The difference occurred in the variance parameter (Table 3) , which is lower for white spruce (␥ l = 0.4882) than for jack pine ( ␥ l = 0.6990). As with model 1a, black spruce showed the greatest change with respect to crown radius. Differences between species became noticeable when the basal area of the larger trees was included in the model (eq. 1c). Balsam fir and Douglas-fir had different values for b 2 (Table 3) , leading to differences in the MBD to crown radius curves (Fig. 4) . Moreover, jack pine and white spruce also presented different trends with respect to crown radius and tree height, which was not the case for models 1a and 1b. Finally, the location random effect could not be estimated when the basal area of the larger stems is included in the model.
For the Green River balsam fir data, analysis of variance indicated that precommercial thinning treatments did not have a significant effect on model prediction error (p = 0.76, total df = 11, treatment df = 3). For the Stringer black spruce initial spacing data, linear regression analysis indicated that model prediction error was not significantly related to initial spacing (p = 0.35, total df = 12).
Discussion
The models developed in this study are well-suited for predicting MBD for inclusion in forest inventory. The independent variables can be estimated through emerging remote sensing technologies including LiDAR, high-resolution digital photography and algorithms for delineating individual tree crowns (Pitt and Pineau 2009) . As suggested by Briggs et al. (2008) , application of such models would allow mapping of mean MBD across mosaics of forest stands. The models developed in this study appear to be the first that would additionally allow characterization of the variability of MBD within stands, both within and between species, using individual tree input data that could be obtained solely through remote sensing.
The low RMSE of models [1b] and [1c] (about 3 mm) and lack of bias with respect to crown radius, stand basal area and basal area of larger trees, and DBH indicate that accurate predictions of individual tree MBD from crown and stand features are possible. Predictions of average MBD and the distribution of MBD for stands or for components of stands should have lower error in accordance with the central limit theorem. Briggs et al. (2008) were able to fit mean tree (i.e., stand-level) models with RMSE of about 2 mm. It should be emphasized, however, that the magnitude of error increases as MBD increases.
The strong relationship of MBD to crown radius evident in all models was expected, given the mechanical requirements of tree branch form (Bertram 1989, Castéra and Morlier 1991) . Simply put, longer branches must be thicker in order to support themselves. The exponent of crown radius, b 2 , was less than unity in all models, consistent with relationships between branch diameter and length observed in other studies (Burk et al. 1983 , Deleuze et al. 1996 , Fernández and Norero 2006 . Bertram (1989) noted that an exponent of 2 is necessary to maintain a constant stress in a cantilever beam, and an exponent of 1.5 is necessary to maintain a constant deflection at the free end of the branch, relative to length. An exponent less than one indicates that branches become more slender (greater length/diameter) as they become larger, and that the main constraint of branch architecture may be to avoid mechanical failure (Bertram 1989) .
The increase in MBD with height (positive b 3 in all models) may reflect the exposure of taller trees to greater wind speeds. Increased branch diameter in response to wind load has been observed in Pinus radiata (Watt et al. 2005) . Wind increases the deflection of branches not only directly, but also indirectly through motion transmitted by swaying of the tree stem. Tree branches must become thicker for a given length to counteract the additional mechanical load imposed by wind. The decrease in MBD with basal area (negative b 4 in models 1b and 1c) and basal area of larger trees (negative b 5 in model 1c) is likely an effect of increasing competition on branch architecture. The decreased foliar mass carried by branches growing under lower light levels reduces the branch load-bearing requirement. Although it is feasible to estimate stand basal area and basal area of larger trees using remote sensing observations, a future refinement of MBD models would be to replace these variables with crown area and crown area of larger trees. Crown variables can be estimated more directly from remote sensing observations, simplifying the estimation of competitive effects on crown architecture.
A unique aspect of this study is that it compares MBD diameter relationships among species. The much thicker branches of trembling aspen and the birches compared with the conifers for the same crown radius, tree height or crown length indicates that crown architecture adaptations for excurrent versus decurrent growth forms are fundamentally different. Trees with excurrent growth forms (typically conifers, but also some broadleaved trees) are frequently observed to be less resistant to damage from snow, ice loading, and wind loading than trees with decurrent growth forms (Warrillow and Mou 1999 , Yorks and Adams 2005 , Duryea et al. 2007 ). The thinner, more flexible branches of the excurrent form can shed moderate loads, but are more likely to fail as loads increase Fig. 2 . Predicted mean diameter of the three largest branches per species using the individual-tree species-specific model (eq. 1a) versus: (a) crown radius with constant tree height (mean value in data: 12.9 m) and crown length (mean value in the data: 6.5 m); (b) tree height with constant crown length (6.5 m) and crown radius (mean value in the data: 1.3 m); and, (c) crown length with constant tree height (12.9 m) and crown radius (1.3 m).
than the thicker branches of the decurrent form. Although there were also differences among the conifers, they were much smaller than the differences between conifers and broadleaves. This result is in agreement with the findings of Weiskittel et al. (2010) , who concluded that while including species differences improved estimates in models of conifer maximum branch diameter, crown size variables accounted for a high proportion of the variation.
The absence of treatment-related bias in MBD estimates from Model [1c] for the Green River balsam fir precommercial thinning and Kapuskasing black spruce initial density experiments indicates that density management effects on northern conifer MBD are fully expressed through effects on crown radius, stand basal area and basal area of larger trees. This result is consistent with the findings by Grotta et al. (2004) and Briggs et al. (2008) that density, fertilization and species mixture treatments had no effect on Douglas-fir branch diameter after tree-level variables were taken into account. It is also consistent with the conclusion of Fernández and Norero (2006) that relationships between branch length and diameter are stable over sites and management conditions. Garber and Maguire (2005) also found that tree-level variables accounted for most of the variation in MBD, but treatment effects were still significant in their models.
The models presented in this paper predict the mean diameter of the three largest live branches of a tree, but not the diameter of dead branches. If the base of the living crown is above the first logs, then the models will not provide information about past branch diameter and knot size in the most valuable part of the tree. Previous studies have shown that the largest branches are found above the crown base (Mäkinen et al. 2003 , Garber and Maguire 2005 , Hein et al. 2007 ), suggesting that estimates of current maximum branch diameter provide an approximate upper limit to past maximum branch diameters. Observations of knot diameters along the stem of Scots pine (Moberg 1999 ) are broadly consistent with this supposition; knot sizes remained more or less constant between the base of the crown and the butt region. To better incorporate product quality into remote sensing-based resource inventory, the next step will be to establish relationships between living branch diameters and branch characteristics below the crown base, and more importantly between crown characteristics and knottiness in the wood products.
Although ground-based measurements of the models' independent variables were used in this study, the estimation of these variables by remote sensing is an emerging cost-effective, operational technology (Leckie et al. 2003 , Wulder et al. 2008 . As these remote sensing estimates become routine, the models developed in this study offer a feasible approach to the estimation of MBD for incorporation into forest resource inventories. The Canadian Wood Fibre Centre is also carrying out research to estimate other attributes influencing wood quality, (e.g., DBH, sapwood area, and wood density) from crown and stand variables, which will potentially broaden the suite of wood quality attributes that can be added to forest inventories.
In summary, the models presented in this paper show that it is possible to accurately (RMSE of about 3 mm) predict mean branch diameter of the largest branches within the Fig. 3 . Predicted mean diameter of the three largest branches per species using the model with stand basal area (eq. 1b) versus: (a) crown radius with constant tree height (12.9 m) and stand basal area (mean value in the data: 24 m 2 /ha); (b) tree height with constant crown length (6.5 m) and stand basal area (24 m 2 /ha); and, (c) versus stand basal area with constant tree height (12.9 m) and crown radius (1.3 m).
crown from information readily available from remote sensing information. Not only can these models provide useful information to forest managers wanting to evaluate wood quality of remotely sensed stands, it could also eventually be used as input into growth models that require more precise information on crown and branch architecture.
